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Singlet oxygenLipid peroxidation is an oxidation reaction leading to the generation of lipid hydroperoxides. Herewe present com-
parative data on the inhibition of lipid peroxidation by a variety of biological prenyllipids in liposomes prepared
from natural lipid membranes. Lipid peroxidation was initiated by hydrophilic and hydrophobic azo initiators, as
well as by singlet oxygen generated via photosensitized reaction of hydrophobic zinc tetraphenylporphine.
When lipid peroxidationwas initiated in thewater phase, tocopherols and plastochromanol-8weremore effective
than prenylquinols, such as plastoquinol-9, ubiquinol-10 orα-tocopherolquinol. However, if the peroxidation was
initiated within the hydrophobic interior of liposomemembranes, long-chain prenyllipids, such as plastoquinol-9
and plastochromanol-8, were considerablymore active than tocopherols in the inhibition of the reaction. In the lat-
ter system, tocopherols showed even prooxidant activity. The prooxidant activity of α-tocopherol was prevented
by plastoquinol, suggesting the reduction ofα-tocopheroxyl radical by the quinol. All the investigated prenyllipids
were able to inhibit singlet oxygen-mediated lipid peroxidation but the most active were prenylquinols in this re-
spect. Among all the prenyllipids investigated, plastochromanol-8 was themost versatile antioxidant in the inhibi-
tion of lipid peroxidation initiated by the three different methods.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Nonenzymatic lipid peroxidation is an undesired process leading to
the destruction of membrane lipids containing polyunsaturated bonds
in their fatty acid residues [1,2]. Such lipids represent about 80% of
total fatty acids in plants [3]. Lipid peroxidation causes a decrease of
ﬂuidity and increase of permeability of the membranes which lead to
disturbance of organization and functional loss [2]. Moreover, secondary
products of this process, like malondialdehyde or 4-hydroxynonenal can
react with proteins or DNA, causing cross-linking, leading to further
damage [4].
Nonenzymatic lipid peroxidation proceeds by two mechanisms: a
free radical-mediated or nonradical reaction [1]. The free radical chain
reaction can be initiated by OH•, HO2• , carbon centered radicals, alkoxyl
and peroxyl radicals, NO2• or perferryl radical [Fe3+\O2•−] [1,2,4–6].
Nonradical peroxidation is induced by singlet oxygen (1O2) that can
react directly with polyunsaturated fatty acids, leading to hydroperox-
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rights reserved.In plants, chloroplasts are the most active site of production of ROS,
while mitochondria are the main source of ROS in animals [7,8]. Elec-
tron leak in the photosynthetic electron transport chain, especially in
photosystem I, generates O2•− which can undergo protonation to HO2•
or further reactions leading to OH• generation [9,10]. On the other
hand, interaction between excited triplet state of chlorophyll and O2
leads to 1O2 formation in photosystem II [3]. It was observed that in
leaf tissue under optimal growth conditions, 1O2 was responsible for
more than 80% of nonenzymatic lipid peroxidation [11].
To protect membrane lipids against peroxidation, organisms evolved
various protection mechanisms. The most pronounced protection in
membranes is provided by a variety of lipophilic antioxidants belonging
to prenyllipids: isoprenoid quinones and chromanols (Fig. 1). Isoprenoid
quinones are known as electron and proton carriers in different electron
transport chains, showing also pronounced antioxidant properties [12].
Plants are able to synthesize an especially wide range of prenyllipids,
such as plastoquinone-9 (PQ-9), ubiquinone (UQ-9 or UQ-10), and
their reduced forms, vitamin K1, tocopherolquinones (TQ), tocopherols
(Toc), tocotrienols (T3) and plastochromanol-8 (PC-8) (Fig. 1) [12,13].
Among prenylquinols, UQH2-10, synthesized also by animals, was the
most widely examined compound and its ability to scavenge ROS and
inhibit lipid peroxidation is well documented [4,14]. On the other
hand, PQH2-9 was shown to be an efﬁcient inhibitor of peroxidation of
membrane lipids, as well as superoxide and 1O2 scavenger [15–20].
Among prenyllipids, the antioxidant function of tocopherols has been
mostwidely studied in different systems. Itwas shown that these antiox-
idants are able to inhibit lipid peroxidation and scavenge 1O2 [13,17].
Fig. 1. The structure of the investigated prenyllipids.
234 B. Nowicka et al. / Biochimica et Biophysica Acta 1828 (2013) 233–240PC-8 has been recently recognized as a prenyllipid of widespread occur-
rence in plants that is synthesized from PQH2-9 by tocopherol cyclase
[21]. PC-8 was found both in leaves and seeds, and accumulates during
growth [21,22]. However, the data concerning the antioxidant function
of PC-8 are very sparse [17].
Presently, a comparative study of the inhibition of lipid peroxidation
by a variety of biological prenyllipids in model system has been
performed. In the present study, we have used liposomes prepared
from amixture of natural plant lipids corresponding in the composition
to that found in thylakoid membranes. The wide range of natural
prenyllipids and initiation methods used, made possible to compare
directly their antioxidant potential during peroxidation initiated out-
side and inside lipidmembranes. To initiate lipid peroxidation three com-
pounds were used: 2,2′-azobis(2-amidinopropane)-dihydrochloride
(AAPH), 2,2′-azobis(2,4-dimethylvaleronitrile) (AMVN) and zinc porphy-
rin (ZnTPP). The former two compounds are termolabile azo initiators of
radical reactions. Their molecules have homodimeric structure and at in-
creased temperature undergo homolysis producing free radicals. While
AAPH is the hydrophilic compound, AMVN is hydrophobic, therefore
these azo initiators localize outside and inside lipid membranes, respec-
tively [23]. The porphyrin mode of action is different. This compound is
an effective photosensitizer, able to absorb light energy and transfer it
to oxygenmolecule, resulting in the generation of 1O2 during illumination
[24]. Being hydrophobic, ZnTPP should preferentially localize inside
membranes. The obtained results enabled us to evaluate the relationship
between an antioxidant structure and its reactivity towards various
oxidants.2. Materials and methods
2.1. Materials
Liposomes were prepared from a mixture of chloroplast lipids:
monogalactosyldiacylglycerol:digalactosyldiacylglycerol:sulphoqui-
novosyldiacylglycerol:phosphatidylglycerol, 4:2:1:1 (mol/mol), re-
spectively (all from Lipid Products; South Nutﬁeld, Redhill, Surrey,
U.K.) at proportions found in thylakoid membranes. Tocopherols
were obtained from Merck (No. 15496), α-T3 from Calbiochem
(No. 613432), UQ-10 from Hoffman-La Roche (Basel, Switzerland),
while vitamin K1 (phylloquinone) from Sigma-Aldrich. PQ-9 was iso-
lated from maple leaves [25] and α-TQ was synthesized and puriﬁed
as described in [25]. PC-8 was isolated from linseed oil according to
[17]. The reduced forms of prenylquinones were prepared by reduc-
tion of the corresponding quinones with NaBH4 in ethanol or meth-
anol [25]. AAPH was from Polysciences, Inc. (USA), AMVN from
Wako Pure Chemicals (Japan) and ZnTPP from Sigma-Aldrich. Singlet
Oxygen Sensor Green was from Molecular Probes.
2.2. Lipid peroxidation
In experiments where lipid peroxidation was initiated with AAPH,
ethanol solutions of plant lipids and a prenyllipid were mixed and
injected into 25 mM MES buffer (pH 6.5) followed by the addition
of AAPH solution. The ﬁnal concentration of total membrane lipids
was 0.5 mM, that of AAPH was 10 mM, and prenyllipid/membrane
lipid molar ratio was 1:10, 1:50 or 1:250. Progress of the peroxidation
was followed by measurement of oxygen consumption using Clark
electrode (Hansatech, UK) at 37 °C.
In experiments where lipid peroxidation was initiated with
AMVN, ethanol solutions of plant lipids, a prenyllipid and AMVN
were mixed. Then the mixture was injected into 25 mM MES buff-
er (pH 6.5). The ﬁnal concentration of membrane lipids was
0.5 mM and that of AMVN was 100 μM, and prenyllipid/membrane
lipid molar ratio was 1:50 or 1:250. The preparation and incuba-
tion of liposome suspensions were carried out at 37 °C or 45 °C.
During incubation, samples were taken every 30 min, extracted
with ethyl acetate, evaporated, dissolved in an eluent and analyzed
by HPLC.
In experiments where lipid peroxidation was mediated by 1O2,
ethanol solutions of plant lipids and a prenyllipid were mixed with
ZnTPP solution prepared in tetrahydrofuran. The samples were evap-
orated and vigorously shaken in 25 mM MES buffer (pH 6.5) in the
dark for 15 min. The ﬁnal concentrations of membrane lipids, ZnTPP
and a prenyllipid were 0.5 mM, 0.2 μM and 25 μM, respectively.
Then, the suspension of liposomes was exposed to white light
(100 μmol m2 s−1) for 1.5 h at 28 °C. In the case of liposomes con-
taining prenylquinols, all the manipulations were performed under ni-
trogen to prevent oxidation of the prenyllipids. During incubation,
samples were taken every 30 min, diluted fourfold with an eluent,
shaken for 30 s and measured using HPLC. In an additional experiment,
SOSG was added to the liposome suspension to a ﬁnal concentration of
1.33 μM and ﬂuorescence of the probe during illumination was mea-
sured, using excitation at 480 nm and emission at 500–600 nm.
2.3. HPLC analysis
Analysis of lipid peroxides was performed in acetonitrile:methanol:
water (72:8:1, v/v), at a ﬂow rate of 1.5 ml/min and absorbance detec-
tion at 234 nm. Concentration of peroxides, based on HPLC chromato-
grams, was determined using a millimolar extinction coefﬁcient of 25
at 234 nm [26]. The short side-chain prenyllipids (α- and γ-Toc, γ-T3,
α-TQ, α-TQH2, K1) were analyzed in acetonitrile:methanol:water
(72:8:1, v/v), at a ﬂow rate of 1.5 ml/min and using absorption detec-
tion at 260 nm for α-TQ and 248 nm for vitamin K1, or ﬂuorescence
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experiment with AMVN and AAPH, a reverse-phase C18 column
(Teknokroma, Barcelona, Spain) was used, whereas in experiments
with ZnTPP, a C30 column (YMC, Japan) was used. The long side-chain
prenyllipids (PQ-9, PQH2-9, UQ-10, UQH2-10, PC-8, PC-OH) were ana-
lyzed using the C18 column andmethanol:hexane 340:20 (v/v) as an el-
uent at a ﬂow rate of 1.5 ml/min. The absorption detection used was at
255 nm for PQ-9 and 275 nm for UQ-10, ﬂuorescence detection at 290/
330 nm(λex /λem) for PQH2-9, PC-8 and PC-OH, and ﬂuorescence detec-
tion at 290/370 nm (λex /λem) for UQH2-10. PQ-C was analyzed as
described in [20].3. Results
3.1. Initiation of peroxidation using water-soluble initiator AAPH
A time course of oxygen consumption during AAPH-initiated lipid
peroxidation in the water phase in liposomes is shown in Fig. 2. Until
an antioxidant is not consumed completely, oxygen consumption is
inhibited, followed by the fast phase of oxygen uptake. In the case of
control liposomes, O2 concentration decreased instantly (b1 min),
whereas for samples containing a prenyllipid, oxygen consumption
was delayed. The time preceding the rapid decrease in O2 concentration
is the inhibition time and it reﬂects the ability of a prenyllipid to inhibit
lipid peroxidation.
It was found that both Tocs and PC-8 were highly, and to a similar
extent, effective in the inhibition of the reaction (Fig. 3A). The lowest
concentration of chromanols used (1:250, prenyllipid/membrane
lipid) was sufﬁcient to efﬁciently inhibit peroxidation. The higher
concentrations of chromanols (1:50 and 1:10) inhibited peroxidation
completely during time of the experiment, i.e. 30 min. Among the
chromanols, the most efﬁcient was PC-8 in the inhibition of the reac-
tion. Also the oxygen consumption in the fast phase of the reaction
was lowest for PC-8 among the chromanols (Fig. 3C).
In the case of the reduced prenyllipids, higher concentrations of
the prenyllipids were required to obtain the similar extent of inhibi-
tion (Fig. 3B). Total inhibition of peroxidation was observed only for
the highest prenyllipid concentration (1:10). During AAPH-initiated
peroxidation concentrations of all the prenyllipids decreased gradual-
ly during the inhibition time (data not shown).Fig. 2. An example of time course of oxygen consumption, measured with a Clark-type
oxygen electrode, during AAPH-initiated lipid peroxidation of liposomes containing
plastochromanol-8 at 37 °C; th—inhibition time.3.2. Initiation of peroxidation using lipid soluble initiator AMVN
In the case of the lipophilic AMVN initiator, the rate of formation
of peroxides was linear in time and was inhibited to the highest ex-
tent by PQH2-9 at both prenyllipid/membrane lipid concentrations
used (Fig. 4). During the reaction, PQH2-9 level was decreasing
(Fig. 4). Inhibition of peroxidation was also observed for PC-8,
where it was more efﬁcient at the lower than at the higher concentra-
tion. This trend was even more pronounced in liposomes containing
γ-Toc, displaying antioxidant action at the lower and prooxidant ac-
tion at the higher concentration. On the other hand, α-Toc showed
prooxidant effect at both concentrations applied (Fig. 4). The level
of α-Toc showed a fast decrease during the ﬁrst 2 h of the reaction,
whereas for γ-Toc and PC-8, the decrease was considerably slower
(Fig. 4). In order to examine if α-TQ, an oxidation product of α-Toc,
is able to inhibit free-radical initiated peroxidation, appropriate con-
trol experiments were performed. In these experiments, progress of
lipid peroxidation was monitored in liposomes containing α-TQ
(α-TQ/plant lipid ratio of 1:50), where peroxidation was initiated
using AMVN. It was observed that α-TQ had no inﬂuence on the
rate of the peroxidation reaction (data not shown). To further inves-
tigate the mechanism of prooxidant action of α-Toc, the experiments
where both α-Toc and PQH2-9 were present in liposomes were
performed. In this case, considerable inhibition of prooxidant effect
of α-Toc was observed (Fig. 5). As long as PQH2-9 was present in lipo-
somes, lipid peroxidation was inhibited and α-Toc decrease was slow
(Fig. 5). After 1 h of the reaction, when nearly all PQH2-9 was oxi-
dized, lipid peroxidation was stimulated and the decrease of α-Toc
became faster. These data indicate that α-tocopheroxyl radical,
which is probably responsible for the prooxidant effect ofα-Toc, is re-
duced to α-Toc by PQH2-9 in the binary system.3.3. Photosensitized lipid peroxidation induced by singlet oxygen
When ZnTPP, the lipophilic photosensitizer was used for the gener-
ation of 1O2, which was able to mediate lipid peroxidation, efﬁciency of
inhibition of lipid peroxidationwas similar for all the chromanols exam-
ined (Fig. 6). The highest efﬁciency of inhibition was observed for γ-T3.
PC-8 and γ-Toc showed the same activity, whereas α-Toc showed the
least inhibitory effect. During the progress of peroxidation, the highest
decrease in the level was observed for α-Toc, while the loss of γ-Toc
was the lowest (Fig. 6).
Among prenylquinols, long-chain UQH2-10 and PQH2-9 turned out
to be the most efﬁcient inhibitors of photosensitized lipid peroxidation,
while α-TQH2 initially showed similar efﬁciency to UQH2-10 and
PQH2-9, but after 1 h of light exposure the rate of lipid peroxidation sig-
niﬁcantly increased in the presence of α-TQH2 (Fig. 6). For all
prenylquinols the signiﬁcant decrease in their levels during the experi-
ment was observed. Since isoprenoid quinols undergo autooxidation,
changes in their levels were measured also in dark-incubated lipo-
somes. For all the prenylquinols, a decrease in their levels was observed
(Fig. 6). On the other hand, lipid peroxidation was not observed in
dark-incubated liposomes (data not shown).
Interestingly, also prenylquinones showed signiﬁcant inhibition of
photosensitized lipid peroxidation similar to those observed for their
corresponding quinol forms (Fig. 6). The efﬁciency of the inhibitory
effect of vitamin K1 was very similar to that of α-TQ. The decrease
in prenylquinone level was low as compared to prenylquinols and
chromanols.
Since in organic solvents, PC-OH and PQ-C were generated during
1O2 oxidation of PC-8 and PQ-9, respectively, the level of PC-OH and
PQ-C was measured in order to verify if they are also formed during
the photosensitized reaction in liposomes. Both of the compounds
were identiﬁed and their amount increased during light exposure
(Fig. 7). In liposomes containing PC-8, a fast increase in PC-OH was
Fig. 3. The inhibition time during AAPH-initiated peroxidation of plant lipid liposomes containing chromanols (A) and prenylquinols (B). Oxygen uptake rates during the fast phase
of oxygen consumption (t>th in Fig. 2) in the presence of the investigated chromanols (C) and prenylquinols (D). The numbers indicate the molar ratio of prenyllipid/membrane
lipid. The measurements were performed at 37 °C. The data are means±SE (n=3).
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a slower but constant increase in PQ‐C content was found.
To monitor singlet oxygen level formed during the reaction, the
intensity of SOSG ﬂuorescence, a water-soluble singlet oxygen probe
[27] in prenyllipid-containing liposomes was measured. All the exam-
ined prenyllipids (α-Toc, PQH2-9, PQ-9) inhibited the increase in
SOSG ﬂuorescence during illumination by about 70%, indicating that
formation of 1O2 in the presence of prenyllipids was lowered (data
not shown). To exclude the possibility of non-speciﬁc increase of
SOSG ﬂuorescence during illumination, control experiments were
performed, where SOSG ﬂuorescence was measured in an analogical
system but lacking porphyrin. The increase in ﬂuorescence during
illumination was negligible in this case (data not shown).
4. Discussion
In the present study, the activity of various biological prenyllipids
in the inhibition of lipid peroxidation of liposomes prepared from
plant lipids was investigated where the peroxidation was initiated
by thermolysis of azo initiators, as well as where it was induced by
photosensitized production of singlet oxygen.
4.1. Free radical-initiated lipid peroxidation
Two azo initiators, the hydrophilic AAPH and the hydrophobic
AMVN, were used to evaluate sites of antioxidant action of the exam-
ined prenyllipids. Among all biological prenyllipids studied to date,
tocopherols and tocotrienols are the most thoroughly examined lipo-
philic antioxidants. The results of in vitro studies showed that the
activity of inhibition of free radical-initiated lipid peroxidation of ho-
mologues of tocopherols and tocotrienols is decreasing in the followingorder: α>β-γ>δ [28,29]. Our results showed that in the case of
AAPH-initiated peroxidation, both tocopherol homologues efﬁcient-
ly inhibited lipid peroxidation. PC-8 showed similar activity to the
examined tocopherols, whereas isoprenoid quinols were less active.
This indicates that localization of the head group of the prenyllipid
within the membrane is crucial for the antioxidant effects when
the peroxidation is initiated in the water phase. The head group of
tocopherols is supposed to reside close to the membrane interface
while that of long-chain prenylquinols (PQH2-9 and UQH2-10) rather
deeper within the membrane [30–34]. The location of PC-8 is
expected to be rather intermediate between tocopherols and long-
chain prenylquinols.
In the case of AMVN, lipid peroxidation was efﬁciently inhibited by
PQH2-9 and by PC-8 to a lower extent. The long side-chain of both the
prenyllipids facilitates penetration of their molecules into the hydro-
phobic interior of liposomemembranes where AMVN resides and initi-
ates lipid peroxidation. This enables more efﬁcient inhibition of lipid
peroxidation by PQH2-9 and PC-8. The inhibitory effect was also ob-
served for the lower concentration of γ-Toc applied. On the other
hand, γ-Toc at the higher concentration and α-Toc showed prooxidant
effects. Comparative studies of tocopherols and tocotrienols showed
that both prenyllipids had similar effects in the inhibition of lipid perox-
idation, althoughwhen both tocopherols and tocotrienolswere applied,
α-T3 level decreased faster, suggesting higher activity of this compound
in the reaction studied. This was explained by a higher mobility ofα-T3
than that ofα-Toc inmembranes [28]. Prooxidative action ofα-Tocwas
formerly observed in in vitro experiments on isolated human LDL
[35–38]. In an experiment carried out by Bowry et al. [39], progress of
peroxidation was measured in LDL containing both α-Toc and
UQH2-10. Itwas shown that after consumption of UQH2-10, lipid perox-
idation proceeded. The reactionwas faster in the presence ofα-Toc than
Fig. 4. (Top) The effect of prenyllipids on the rate of lipid peroxidation in plant lipid lipo-
somes initiated by AMVN. The numbers indicate themolar ratio of prenyllipid/membrane
lipid. The data are means±SE (n=3). (Bottom) Time course of prenyllipid concentration
during the peroxidation reaction at prenyllipid/membrane lipid molar ratio of 1:50. The
measurements were performed at 37 °C. The data are means±SE (n=3).
Fig. 5. (Top) The effect of prenyllipids on the time course of lipid peroxidation in plant
lipid liposomes initiated by AMVN at α-Toc or PQH2-9 prenyllipid/membrane lipid
ratio of 1:50 (mol/mol) or α-Toc+PQH2-9 prenyllipid/membrane lipid ratio of
1:1:50 (mol/mol). (Bottom) Time course of prenyllipid concentration during the per-
oxidation reaction. The measurements were performed at 45 °C. The data are
means±SE (n=3). LOOH, lipid hydroperoxides.
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enriched with α-Toc. It was suggested that at low ﬂux of radicals,
α-Toc can be a strong prooxidant for LDL and that the prooxidant mol-
ecule is α-tocopheroxyl radical [39]. Such an effect was named
tocopherol-mediated peroxidation [40]. The proposed explanation
was that in a dispersed system, such as LDLs, and when radical ﬂux is
low, α-tocopheroxyl radical formed after scavenging of a radical by
α-Toc, cannot easily ﬁnd another radical molecule to terminate. There-
fore, α-tocopheroxyl radical lifetime is prolonged, which enhances the
possibility of reactionwith a lipidmolecule, whereα-tocopheroxyl rad-
ical behaves as a chain-carrying prooxidant instead of being a
chain-breaking antioxidant [40]. With high ﬂuxes of radicals, α-Toc
switches fromprooxidant to antioxidant role [41]. Thus, themechanism
of prooxidant action of α-Toc observed in our experiments with AMVN
could be similar to that described above. In liposomes containing both
α-Toc and PQH2-9, the prenylquinol regenerates α-tocopheroxyl radi-
cal to α-Toc and prevents the prooxidant effect of the radical.
The question remains, why PC-8 and γ-Toc at the lower concen-
tration displayed antioxidant properties during AMVN-initiated per-
oxidation. It was shown that γ-Toc is a weaker hydrogen donor than
α-Toc, so it reacts less efﬁciently than α-Toc with free radicals.
Therefore, γ-tocopheroxyl radicals are producedwith lower capacity
[42]. Hydrogen donation capacity depends on chromanol group
structure, so it should be identical for γ-Toc and PC-8. Moreover, ox-
idation products of γ-Toc, such as ether and biphenyl dimers areeffective antioxidants, whereas the main non-radical oxidation
product of α-Toc, α-TQ, is ineffective against free radicals [42].
When tocopheroxyl radicals act as prooxidants, they can abstract hy-
drogen from a lipid hydroperoxide [43]. The hydroperoxide groups
tend to localize close to the membrane surface, similarly as γ-Toc,
while PC-8 occupies more hydrophobic membrane regions, where
less targets for efﬁcient hydrogen abstraction can be found.
The obtained results indicate that activity of inhibition of free
radical-initiated lipid peroxidation by the investigated prenyllipids de-
pends strongly on the site of the initiation reaction within membranes.4.2. Photosensitized lipid peroxidation
The inhibitory effect of chromanols and prenylquinols on the singlet
oxygen-induced lipid peroxidation can be most reasonably explained
by quenching of the produced singlet oxygen by prenyllipids in liposome
Fig. 6. The effect of prenyllipids on the time course of photosensitized lipid peroxidation in plant lipid liposomes (left) and time course of prenyllipid concentration in the liposomes (right).
The prenyllipid/membrane lipid molar ratio was 1:20. ‘Cont.’ stands for controls incubated in the dark. The measurements were performed at 28 °C. The data are means±SE (n=3).
Fig. 7. The content of PC-OH and PQ-C during photosensitized lipid peroxidation in
plant lipid liposomes in relation to the initial levels of PC-8 and PQ-9, respectively.
The prenyllipid/membrane lipid molar ratio was 1:20. The measurements were
performed at 28 °C. The data are means±SE (n=3).
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chemical scavenging [3]. For tocopherols, physical quenching of 1O2
dominates over chemical scavenging by at least two orders ofmagnitude
[3] and a similar relation can be estimated for prenylquinols [17]. Physi-
cal quenching of 1O2 by chromanols, PQH2-9 and PQ-9was recentlymea-
sured in various solvents [17]. The kinetic data indicate that PQH2-9 is
over ﬁvefold more active than PQ-9 in this process in polar solvents,
while in a hydrophobic environment this ratio is 3.5 [17]. To explain sim-
ilar efﬁciency of PQ-9 and PQH2-9mediated deactivation of 1O2 it should
be also taken into account that in our system 1O2 was generated in the
hydrophobic region of the liposome membrane, where the differences
of physical rate constants between PQ-9 and PQH2-9 are not high. More-
over, the long-chain isoprenoid quinones localize in the hydrophobic
mid-plane region of the lipid bilayer, where the polar head can oscillate
between mid-plane and polar interphase of the membrane but quinol
forms are more polar and the quinol head group is thought to preferen-
tially localize in the polar, interphase region of membranes [30,44–47].
239B. Nowicka et al. / Biochimica et Biophysica Acta 1828 (2013) 233–240Thus, PQ-9 and UQ-10 should have better accessibility to 1O2 than their
quinol forms.
One of the interesting results obtained in the present study was
the signiﬁcant activity of prenylquinones in the inhibition of
photosensitized lipid peroxidation. To investigate the possibility
that prenylquinones directly quench excited photosensitizer mole-
cule, we have measured the dependence of ZnTPP ﬂuorescence on
PQ-9 concentration, but no ﬂuorescence quenching of ZnTPP ﬂuo-
rescence was observed. However, it cannot be excluded that the
prenylquinones quench triplet states of the photosensitizer used,
even though its ﬂuorescence was not affected [48].
Similarly high efﬁciency of the inhibition of photosensitized lipid
peroxidation by all the investigated prenylquinones suggests that
the head group is crucial in 1O2 deactivation. To verify if the side
chain itself is able to deactivate 1O2, phytol or solanesyl diphosphate
was measured and turned out to be inactive in this process.
Differences in photosensitized peroxidation kinetics observed
among the prenylquinols and prenylquinones can be explained
based on the results of Stratton and Liebler [49]. They showed that
during photosensitized peroxidation, both singlet oxygen-speciﬁc
and radical-mediated processes occur and the contribution of each
depends on the photosensitizer used and time of reaction [49]. Sin-
glet oxygen-speciﬁc peroxidation predominated at the beginning
of light exposure, whereas radical-mediated peroxidation dominat-
ed after 75 min of illumination. It was also postulated that accumu-
lation of lipid peroxides generated during singlet oxygen-speciﬁc
peroxidation enhances radical-mediated processes at the late stages
[49].
While α-TQ did not inhibit radical-mediated peroxidation, the
prenylquinols showed such an activity, however, they were completely
oxidized during the ﬁrst hour of illumination. Thus, in the case of
α-TQ, α-TQH2 and vitamin K1, these prenyllipids could counteract
lipid peroxidation only during the ﬁrst stage of the reaction by
deactivating 1O2. However, when radical-mediated peroxidation started,
these prenyllipids were not able to inhibit the reaction anymore and a
signiﬁcant increase in lipid peroxidation was observed during the last
30 min of illumination. The long-chain prenyllquinones/ols that are
localized deeper within membranes and could deactivate 1O2 more
efﬁciently, prevented the accumulation of lipid peroxides required for
radical-mediated peroxidation. Chromanols seem to be equally effective
in 1O2 deactivation at the beginning of the illumination and in the
inhibition of radical-mediated lipid peroxidation during further stages.
The hypothesis about two stages is also conﬁrmed by comparison of
the kinetics of PC-8 decomposition and formation of PC-OH, where its
level increases only within the ﬁrst 30 min of illumination. In the case
of PQ-9, the gradual increase in PQ-C level well corresponded with
PQ-9 loss, indicating that this prenyllipid is able only to scavenge 1O2
but not to inhibit radical-meditated lipid peroxidation.5. Conclusions
The obtained results indicate that chromanols are more active
than prenylquinols when lipid peroxidation is initiated in the
water phase. However, when the peroxidation is initiated within
membranes, the most active are plastoquinol and plastochromanol
while tocopherols show prooxidant activity in this reaction at higher
concentrations. The prooxidant activity of α-tocopherol was prevented
by plastoquinol, suggesting reduction of α-tocopheroxyl radical by the
quinol. In the case of singlet oxygen-mediated lipid peroxidation,
prenylquinols and prenylquinones showed the highest antioxidant ac-
tivity while the investigated chromanols were equally active but
less than prenylquinols in this respect. Among all the prenyllipids
investigated, plastochromanol-8 was the most versatile antioxidant
in the inhibition of lipid peroxidation initiated by the three different
methods.Acknowledgements
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